Fire and smoke have been used in traditional agricultural systems for centuries. In recent years, biologically active compounds have been isolated from smoke with potential uses in agriculture and horticulture. This article highlights the possibilities of using smoke-water or smoke-derived butenolide (3-methyl-2H-furo[2,3-c]pyran-2-one, termed karrikinolide, KAR 1 ) for the cultivation of agricultural and horticultural crops. Treatments with smoke-water show promising results for improving seed germination, seedling growth and crop productivity. In certain cases, even under adverse conditions, such as low or high temperatures and low osmotic potentials, smoke-water or a KAR 1 solution can promote seed germination and seedling growth. This phenomenon is of great significance when seeds are sown under drought conditions. Smoke-technology, therefore, has potential for use in arid and semi-arid regions. Possibilities may also exist for controlling some plant diseases and managing weeds with the use of smoke or KAR 1 solutions. In addition, smoke-technology can possibly economize the use of commercial chemical fertilizers, pesticides and herbicides, making it a feasible technology for organic farming and for resource-poor farmers in developing nations. The positive role of smoke-water in flowering and fruiting of crops cannot be overlooked as the karrikins found in smoke are now recognized as potential new plant growth regulators. Very low concentrations of smoke-water or a KAR 1 solution are effective in promoting germination and post-germination growth. Thus, early harvesting and increasing the productivity of crops using smoke-technology may be possible. Here we review some of the effects of smoke and KAR 1 on various crop species and discuss the potential uses of smoke technology in agriculture and horticulture.
Introduction
Slash-and-burn techniques are practiced by many indigenous communities around the world for converting forests into crop fields. In Africa, pastoralists use fire to enhance the growth of grass for livestock and subsistence farmers use it to clear unwanted biomass before cultivating the next crop (GFMC, 2004) . The use of fire is the cheapest, fastest and most effective method of land clearing and has an additional advantage of providing nutrients to the soil from ash residues (Simorangkir, 2007) . Traditional Aborigines of Australia use fire for promoting the availability of economically important plants and animals (Gould, 1971; Hallam, 1975; Harris, 1977; Jones, 1969 Jones, , 1980 . Fires set by the Alyawara Aborigines of Central Australia cover a relatively small area but have a notably good influence on the productivity of Ipomoea, Solanum and different grass species. Thus, they are able to use fire as a low-cost method for cultivation (O'Connell et al., 1983) . The majority of small-scale farmers in Samoa practice indigenous methods of pull-andburn and fallowing to control weeds of taro, yam and taamu (Tikai and Kama, 2004) . In Arunachal Pradesh of India, the ethnic Noctes tribe has maintained an age-old traditional slash-and-burn farming system on hill slopes (Tangjang, 2009) .
In addition to the heat effects of fire, smoke plays a significant role in traditional agricultural systems. Resource-poor farmers in South Africa store their maize cobs over a fireplace where seeds are exposed to smoke and heat. It is believed that this method of storage gives protection to the grain against insect and fungal attack. Furthermore, this traditional way of storing maize cobs improves seed germination and seedling vigour (Modi, 2002 (Modi, , 2004 . A similar method is adopted in traditional farming systems in north-east India, where seeds of maize and leguminous crops are often kept intact and hung over the kitchen so as to be exposed to smoke (Chhetry and Belbahri, 2009) . In high and mid-elevation farming of north-east India, fallen Pinus needles, twigs and slashed bushes are burnt on top of the soil to suffocate pests and pathogens. Potato and ginger crops cultivated using this technique are often more healthy (Chhetry and Belbahri, 2009) .
In developed and developing countries, the residue of the previous crop is often eliminated using fire and this technique is now sophisticatedly coined as 'prescribed burning'. This too allows modern farmers to speed up field operations, reduces the cost of residue management, increases crop yield and allows better control over weeds and diseases Meland and Boubel, 1966) . One of the advantages of burning is that it clears the residues quickly and facilitates seed germination and seedling growth of a new crop when planted (Mandal et al., 2004) . Although this practice is convenient and cost-effective, it also has many disadvantages, such as air pollution and killing beneficial soil insects and microorganisms (Mandal et al., 2004) .
It is clear from all these reports that fire and smoke are not new to agriculture and are well-established techniques in traditional farming. The past twenty years of research on smokestimulated seed germination, since De Lange and Boucher (1990) first discovered the phenomenon, is more prevalent in the field of ecology. To date, smoke has shown stimulation of seed germination of more than 1200 species from 80 genera from different ecosystems (Brown and Botha, 2004; ) and this number is increasing as the research progresses. Only a few agricultural and horticultural species are currently being investigated in spite of the traditional evidence of the significant effects of smoke. This article describes some of the more recent research and emphasizes the potential use of smoke and smoke-derived compounds in agriculture and horticulture.
Methods of smoke application
The potential benefits of smoke in agriculture and horticulture may be achieved by various methods of application of 'crude' smoke in the form or aerosol smoke or smoke extracts. In addition, several active compounds have been isolated from smoke that may have the potential for development as important agrochemicals.
Aerosol smoke and smoked media
One of the simplest methods of smoke treatment is by direct application of aerosol smoke. In this method, seeds are directly exposed to smoke generated from burning plant material. Many examples of exposing seeds to smoke have been documented (Baxter et al., 1995; Brown, 1993a; Brown, 1993b; Brown et al., 1993; Brown et al., 1994; De Lange and Boucher, 1990; , although most of these were carried out for ecological studies. Sparg et al. (2006) reported on the use of an aerosol smoke treatment on a commercial maize cultivar (Zea mays cv. PAN 6479). Maize kernels were placed in a sieve and exposed to cool smoke (~28°C) for the desired period. A sieve was placed on top of a chimney (1.5 m) and smoldering smoke of semidry Heteropogon contortus (Poaceae) was generated at the bottom. This technique was convenient and effective for treating the maize kernels. For large-scale applications of aerosol smoke on seeds, this method could be modified. Precaution should be taken, however, to place the seeds at a sufficient distance to avoid exposing them to the high temperatures of the ignited plant material.
Aerosol smoke or smoke-water (see below) can also be applied to soil or potting media (e.g. sand, vermiculite, perlite, coco peat) into which seeds could be planted (Abdollahi et al., 2011; Keeley and Fotheringham, 1998) . This can provide a convenient method for first treating the media, prior to sowing of the seeds at a suitable time.
Smoke-water
Smoke-water is one of the most convenient means of application. The biologically active compounds present in smoke readily dissolve in water and when this smoke-extract is used as a diluted solution, treated seeds of many species show a marked improvement in germination. De Lange and Boucher (1990) were the first to report on this phenomenon. They generated smoke in a drum, and using compressed air, smoke was bubbled through distilled water. Based on this method, a wide range of plant materials have been used to prepare aqueous smoke extracts (Brown and Van Staden, 1997) . Generally, all plant materials are suitable for preparation of smoke extracts (Jäger et al., 1996) . A concentrated aqueous smoke extract can be diluted with water in ratios of 1:250; 1:500; 1:1000; 1:1500 and 1:2000 (v/v). Dilutions in this range are usually quite effective in promoting germination although it varies from species to species. This method of preparing smoke-water is relatively easy and economical and the apparatus for preparing smoke-water is illustrated in Van Staden et al. (2004) . A concentrated smoke extract, prepared for our research experiments in 1994 (and stored at 10°C), has retained its germination activity to date. Thus, the use of smoke-water is a feasible and inexpensive technique for resource-poor, small-scale and large-scale farmers.
Smoke-derived compounds
A biologically active butenolide compound (3-methyl-2H-furo[2,3-c]pyran-2-one) was isolated from burnt cellulose and plant-derived smoke (Flematti et al., 2004; Van Staden et al., 2004) . This compound, now termed karrikinolide (KAR 1 ; Flematti et al., 2009) , is stable and even at very low concentrations it is effective in promoting seed germination in many different plant species . Following the initial isolation of KAR 1 , a whole new family of plant growth regulators, termed 'karrikins', were identified in smoke (Chiwocha et al., 2009; Flematti et al., 2009) , and several related compounds have been synthesized . It is estimated that between 2 and 5 g of KAR 1 is more than sufficient for 1 ha of land-application rates that are commercially viable . KAR 1 has been evaluated for possible mutagenic and genotoxic effects using the VITOTOX ® test and the Ames assay (Verschaeve et al., 2006) . No toxic effects were observed at the concentrations tested (1 × 10 −4 to 3 × 10 −10 M), indicating that the compound may be safe to use within the range at which many seeds and seedlings of different plant species are stimulated. In addition, this compound has the ability to widen the temperature and water potential range of seed germination and seedling growth, as discussed below (Ghebrehiwot et al., 2008; Jain et al., 2006) .
The versatile nature of KAR 1 makes it an ideal tool in agricultural/horticultural practices, and Light et al. (2009) have recently reviewed the biological effects of this compound. It should be noted, however, that KAR 1 is not effective on all species, and there are instances where some seeds have shown a response to smoke or smoke-water, but not KAR 1 (Downes et al., 2010) . Furthermore, there are other compounds in smoke, such as ethylene, nitrogen oxides (Keeley and Fotheringham, 1997) and glyceronitrile (Flematti et al., 2011) that may also play an important role in promoting germination. Thus, the effect of KAR 1 and other smoke-derived compounds needs to be further investigated on agricultural and horticultural crops, as well as on naturally occurring species.
A few laboratories are engaged in synthesizing KAR 1 and related compounds using various chemical pathways Goddard-Borger et al. 2007; Matsuo and Shindo, 2011; Nagase et al., 2008; Sun et al., 2008) . The findings of these laboratories will be useful for agrochemical industries that can manufacture this compound in bulk quantities. For commercial application, however, further research will be required.
Smoke and crops

Effects of smoke and KAR 1 on seed germination and seedling growth
Several crop species have been investigated with respect to the effects of smoke and smoke solutions. Smoke has been shown to substitute for the light requirement of lettuce (Lactuca sativa cv. Grand Rapids) seeds (Drewes et al., 1995) , enhance seed germination of celery (Thomas and Van Staden, 1995) , release dormancy in red rice (Oryza sativa) (Doherty and Cohn, 2000) , and stimulate root growth of tomato in vitro (Taylor and Van Staden, 1998) . Sparg et al. (2006) evaluated the effect of aerosol smoke and smoke-water on seeds of commercially cultivated maize (Z. mays cv. PAN 6479). Seeds that were germinated directly with smoke-water dilution (1:500, v/v) or exposed to aerosol smoke for 30 min with rinsing showed marked improvement in both germination and seedling growth. Seedlings that developed from seeds pre-soaked in water for 180 min and exposed to aerosol for 60 min exhibited the highest vigor index. In addition, this study indicated that treating maize seeds with higher concentrations of smoke-water and exposure to aerosol smoke for a longer duration can inhibit germination . Van Staden et al. (2006) investigated the post-germination effect of smoke-water and KAR 1 on tomato (Lycopersicon esculentum cv. Heinz-1370), okra (Abelmoschus esculentus cv. Clemson spineless) and bean (Phaseolus vulgaris cv. Dwarfimbali) under laboratory conditions. Tomato seedlings that were treated with solution of KAR 1 (10 −7 M) had 10-times greater root length than the water control, whereas in okra and bean, root length was 3-times more. There was also a significant increase in shoot length of all three crop seedlings. Furthermore, both smoke-water (1:500, v/v) and KAR 1 significantly improved the weight of the tomato and okra seedlings. Seedling vigor, which is an important indicator of vegetable crop establishment, was significantly greater for tomato, okra and bean when seeds were treated with smoke-water or KAR 1 . The study also reported significant increases in seedling mass and vigor index of maize seeds (Z. mays cv. PAN 6479) using KAR 1 solution.
Rice is a staple food in many parts of the world and seedling establishment is crucial. A study conducted by Kulkarni et al. (2006) indicated that smoke can be a useful treatment for improving the vigor of rice. The study tested the effect of different concentrations of smoke-water and KAR 1 on seeds of a local rice (O. sativa) variety from Botswana. Results showed that smoke-water (1:500, v/v) and KAR 1 (10 −8 M) significantly promoted shoot length and a low concentration of KAR 1 (10 −10 M) achieved maximum root length and seedling mass. KAR 1 -treated (10 −8 M) seedlings produced a greater number of lateral roots than untreated ones. Overall, some concentrations of smoke-water and all tested concentrations of KAR 1 showed better vigor indices in this rice variety.
A further study on tomato (Solanum esculentum cv. Heinz 1370) seeds primed with KAR 1 yielded more vigorous seedlings than water-primed seeds or seeds that were continuously subjected to either water or KAR 1 solution in Petri dishes (Jain and Van Staden, 2007) . Priming with KAR 1 not only improved seedling vigor at normal conditions but under salinity, osmoticum or temperature stresses seedlings showed better performance compared to water-primed or unprimed seeds. Thus, it was suggested that KAR 1 can be used as a priming agent for tomato seeds (Jain and Van Staden, 2007) . In addition, KAR 1 -primed seeds sustained the stimulatory effect for up to four months under ambient storage conditions. In a similar study, aged aubergine (eggplant/brinjal) (Solanum melongena cv. Kemer) seeds that were primed with KAR 1 alone or in combination with polyethylene glycol (PEG) showed rapid emergence and uniform seedlings (Demir et al., 2009 ). Mavi et al. (2010) studied the effect of KAR 1 priming on high and low vigor seed lots of melon (Cucumis melo cv. Kirkagac). Seeds were water-or KAR 1 -primed (10 −7 M) for 21 h at 25°C and were sown at a depth of 4 or 8 cm at 20 and 25°C. The results of this study showed that the influence of KAR 1 -priming was more evident in the low vigor seed lot that was sown deep at low temperature. These studies indicated that smoke treatments could partly overcome seed aging and at the same time increase seed vigor.
Temperature is an important climatic and environmental factor that plays a significant role in seed germination and seedling development of crop plants. Fluctuating temperatures during the sowing period can be detrimental, sometimes leading to crop failure. Jain et al. (2006) evaluated the influence of smoke-water and KAR 1 at a range of temperatures (10 to 40°C) on tomato (S. esculentum cv. Heinz 1370) seed germination. The results of this study showed that smoke-water-treated (1:500, v/v) seeds at low (10°C) and high temperatures (40°C) had an intermediate response and only a few seeds developed into normal seedlings. On the other hand, the treatment of tomato seeds with KAR 1 (10 −7 M) resulted in better germination and development of phenotypically normal seedlings at these non-optimum temperatures. This suggests that under sub-and supra-optimal temperatures, KAR 1 may be useful in raising healthy seedlings of tomato. Merritt et al. (2005) reported similar results for celery, parsley, carrot and leek when seeds were treated with KAR 1 .
Eragrostis tef is a major cereal crop in Eritrea and Ethiopia, and in South Africa it is cultivated as a forage crop. Seeds of this crop are often exposed to harsh conditions of high fluctuating temperatures and low water availability. Treatment with smokewater (1:500, v/v) and KAR 1 (10 −8 M) resulted in better germination performance than the control at all examined temperatures (20 to 40°C) (Ghebrehiwot et al., 2008) . These solutions also enhanced vigor of seedlings at constant (25, 30, 35 and 40°C) and alternating (30/15°C) temperatures. At a low water potential, smoke solutions were helpful in recovering germination and growth of seedlings indicating that the use of smoke treatments could potentially aid in reducing the productivity losses of crops in dry regions.
Smoke-water and KAR 1 can also be sprayed on seedlings and young plants to enhance growth. In a greenhouse study, smoke-water (1:500, v/v) and KAR 1 (10 −7 M) were sprayed on the seedlings of okra (A. esculentus cv. Clemson spineless) and tomato (L. esculentum cv. Heinz 1370) . The stems and leaves of young seedlings (8-day-old) of okra and tomato were sprayed with these solutions (with a drop of Tween 20 as surfactant) to the point of runoff using a 500 mL spray bottle. The seedlings received four applications at four-day intervals. Foliar application of smoke-water on okra seedlings increased the shoot/root length, shoot fresh/ dry weight, number of leaves, total leaf area and stem thickness compared to the seedlings which were sprayed with water (control). This treatment also enhanced the absolute growth rate of the okra seedlings. There was an increase in most of the growth parameters of the tomato seedlings with both smoke-water and KAR 1 solution, which resulted in a greater seedling vigor index and absolute growth rate in comparison to the control.
Effects of smoke and KAR 1 on crop productivity
There are very few studies that have examined the effect of smoke-water and KAR 1 on actual crop productivity. Kulkarni et al. (2008) reported that, in addition to smoke treatments enhancing germination and growth of seedlings, it also promoted the yield of tomatoes under greenhouse conditions. Tomato plants were irrigated twice weekly with smoke-water (1:500, v/v) or KAR 1 solution (10 −9 M) to field capacity. With the application of these solutions, the percentage of plants with fruit (between 85 and 95 days) was much higher than with plants that were untreated. Smoke-water and KAR 1 -treated plants yielded a greater number of marketable tomatoes than the control, with no difference in the size and mass of the fruit. The nutritional composition of the treated tomatoes (ascorbic acid, β-carotene, lycopene and total soluble solids) was not affected and the levels were maintained at the same values as the untreated fruits. More importantly, by treating tomato plants with smoke solutions, the harvest indices were significantly improved. This is very important in horticultural crop management. Latz (1995) and O'Connell et al. (1983) have reported that productivity of bush tomatoes was 80-fold more on a site that was burnt by Alyawara aborigines. Smoke-treatment of seeds of Australian bush tomato (Solanum centrale) has shown promotory effects on germination and this could relate to the increase in productivity (Ahmed et al., 2006) .
Onion is an essential food commodity around the world and farmers are always looking to improve the quality and productivity of onion bulbs. Recently, smoke solutions have shown promising results on the growth of onion (Allium cepa L. cv. Texas Grano 502 PRR) plants and bulbs (Kulkarni et al., 2010) . Under greenhouse conditions, treatment with smoke-water (1:500, v/v) and KAR 1 (10 −10 M) (soil application, twice weekly for 25 weeks) showed stimulatory effects. These treatments significantly promoted the number of leaves, leaf length, leaf fresh and dry weight compared to non-treated plants. At the end of the harvest (175 days after seed sowing), smoke-water and KAR 1 -treated plants resulted in bigger and heavier onion bulbs. In this study, smoke-water was more effective than KAR 1 and acquired the highest harvest index. The onion bulbs grown with smoke solutions did not show any genotoxicity, suggesting that smoke-water and KAR 1 solutions are safe to use at these concentrations.
Effects of smoke on flowering
Many indigenous plants are known to flower following wildfires, and the role of smoke in flowering cannot be ignored. Keeley (1993) demonstrated that flowering of the fire-lily Cyrtanthus ventricosus could be induced by treating the bulbs with cool aerosol smoke. In a preliminary experiment on Watsonia borbonica (spring-flowering hybrid), a once-off treatment of 1:500 (v/v) smoke-water increased flowering from 20% to 90% (Light et al., 2007) . Smoke may therefore be a potential tool for promoting flowering of some important horticultural plants. However, more in-depth studies are necessary to unravel the role of smoke in this process.
Smoke and weeds
Smoke and smoke-derived compounds may be useful in managing weeds in agricultural systems. Adkins and Peters (2001) tested the seeds of 18 cool temperate arable weed species for the effect of different concentrations of smoke-water and found that Avena sterilis ssp. ludoviciana, Alopecurus myosuroides, Sorghum halepense, and Phalaris paradoxa responded positively to smoke treatment. In addition, seeds of the dicotyledonous species Malva neglecta showed profound stimulation. In the other species tested, some had moderate, slight or no effect and germination of one species was inhibited. Daws et al. (2007) studied the effect of plant-derived KAR 1 on seed germination and seedling growth of arable weed species. It was reported that KAR 1 significantly enhanced germination percentage and rate of eight out of 18 species tested. KAR 1 -treated seeds of A. myosuroides, Bromus sterilis, Capsella bursa-pastoris and Galium aparine produced significantly heavier seedlings than non-treated ones. Similarly, Stevens et al. (2007) showed that KAR 1 treatments, under field conditions at rates of 2-20 g ha −1 , were effective in enhancing seedlings of economically important weed species such as Avena fatua, Arctotheca calendula, Brassica tournefortii and Raphanus raphanistrum. A further study on B. tournefortii demonstrated that hydration of the seeds prior to KAR 1 application resulted in a reduction of the stimulatory effect (Long et al., 2010) , as observed with hydration prior to smokewater treatment of Grand Rapids lettuce seeds (Light et al., 2002) . This has important implications for the timing of application of either smoke or KAR 1 under field conditions, where it may be necessary to apply smoke or KAR 1 during the dry season, prior to the onset of the early rainfall events.
Solanum viarum has become a troublesome weed in many countries. It occurs and spreads widely in agricultural fields and has, therefore, been listed on the federal noxious weed list in the USA (Bryson et al., 1995) . S. viarum causes economic losses to the vegetable crop industry and hosts numerous plant diseases (Duncan, 2005; McGovern et al., 1994) . In a study by Kandari et al. (2011) , seed germination of S. viarum was markedly stimulated by different concentrations of smoke-water and KAR 1 solutions. Consequently, treatment with smoke-water (1:500, v/v) and KAR 1 solution (10 −8 M) developed taller seedlings, which resulted in greater vigor indices than the control seedlings. Adkins and Peters (2001) have suggested that the seed banks of arable weeds can be stimulated by smoke-water and subsequently, the emerged seedlings can be eradicated before sowing the seeds of the crop. In this way, seed banks of S. viarum can also be stimulated to germinate using smoke-water or KAR 1 solution and the resultant seedlings be removed manually, mechanically or chemically.
Smoke and pathogens
Smoke is also known to possess antimicrobial properties, and has long been used as a means for preserving foods such as fish and meat (Holley and Patel, 2005) . Roche et al. (1997) suggested that smoke can protect seeds and seedlings against microbial attack. Paasonen et al. (2003) investigated the effect of smoke on seedlots of rye, barley, wheat and oats, as a traditional method of grain drying. In their study, germination was better and the grains showed a decrease in microbial contamination by endophytic species. It was indicated that smoke contains aromatic hydrocarbons, chlorine compounds and aldehydes that may be responsible in reducing the infestation of endophytic fungi to a certain extent, as these smoke compounds show similar chemical structures to those of known fungicidal compounds. In the greenhouse trial, the infestation of common root rot was lower in smoke-treated seed lots than untreated ones. However, this observation was preliminary and not fully justified by these workers, due to inadequate sample size. Nautiyal et al. (2007) showed that smoke generated by combusting wood and a mixture of odoriferous and medicinal herbs eliminated some of the bacteria that are harmful to agricultural and horticultural plants. These bacteria were Burkholderia glumae (causes rotting of rice grain and seedlings) (Li et al., 2004) , Curtobacterium flaccumfaciens (causes wilting in beans) (Yin et al., 2005) , Pseudomonas syringae pv. persicae (causes necrosis of peach tissues) (Barzic and Guittet, 1996) and Xanthomonas campestris pv. tardicrescens (causes black rot in crucifers) (Soengas et al., 2007) .
Smoke-technology and its implications
Water availability, temperature and poor soil fertility are three major factors that can limit crop productivity, and it has been predicted that these factors are likely to become more pronounced with global warming (IPCC, 2007; Morison et al., 2008) . Agricultural activity accounts for the use of around 70% of all freshwater resources worldwide (FAO, 2002) , and in many areas water supplies are unsustainable and affected by climate change (Morison et al., 2008) . It has been predicted that precipitation in arid and semi-arid regions is likely to decrease, which may increase the occurrence of droughts due to unreliable rainfall and fluctuating temperatures (Ragab and Prudhomme, 2002; IPCC, 2007) . Since rapid germination and emergence of uniform and healthy seedlings are necessary for successful crop stands, such environmental conditions could hamper seedling establishment resulting in huge crop losses. Thus, adoption of more effective and sustainable agrononomic practices, associated with a reduction in water use, is an important strategy for continued crop production (Morison et al., 2008) .
Chemical fertilizers, pesticides, fungicides and herbicides are extensively applied to improve crop yields, and this can have a negative effect on, not only the soils, but also the surrounding environment (Aeron et al., 2011; Ye et al., 2002) . In the long-run, continuous and excessive use of various agrochemicals may result in some productive land areas becoming less productive. Although it is certainly not possible to discontinue the use of conventional agrochemicals completely, there may be possibilities to reduce their application. Furthermore, farmers in developing countries have very limited resources and no access to expensive technology and could benefit from low-cost alternatives.
Smoke-water and KAR 1 have shown some promising results for seed germination and seedling growth of a number of crop plants, as described earlier. Brown and Van Staden (1998) suggested the possibility of pre-soaking seeds of horticultural and vegetable crops in smoke-water. In the context of practical application of smoke solutions, seeds could either be soaked in smoke-water or KAR 1 solution prior to planting. Alternatively, there are possibilities to soak the seeds in these solutions and dry them (priming) before sowing in the field. It should be noted, however, that methods for this have not been fully explored or standardized. For aerosol smoke treatments, it is advisable that the seeds be rinsed with water after smoke exposure, as smoke also contains inhibitory compound(s) that can negatively affect the rate of germination and emergence of seedlings. In general, an intense exposure of seeds to aerosol smoke should be avoided. Smoke-water has an advantage over aerosol smoke due to its liquid form, in that it can be easily applied through irrigation systems and sprayed on crops. Due to the antimicrobial properties of smoke (Holley and Patel, 2005; Nautiyal et al., 2007) , applications of smoke-water, up to a certain extent, may be beneficial in protecting seeds and seedlings from harmful microbial infections. In this respect, it is suggested that smoke should be tested as a means of protecting crops from various diseases.
Weeds are a major economic cost to farmers and conventional weed management focuses mainly on the use of herbicides to control weeds. Seeds of many weed species exhibit complex dormancies and are difficult to control (Benech-Arnold et al., 2000) . Releasing dormancy, stimulating germination and eradicating seedlings of weeds could be an important weed management strategy (Dyer, 1995) , and could allow for a reduction in the number of weed seeds in soil seed banks (Stevens et al., 2007) . Smoke solutions have shown a positive effect on a number of weed species and farmers could potentially use smoke-water to enhance germination of weed seeds in the soil seed bank for eradication prior to planting the new crop, thereby reducing the weed burden on the crop .
Concluding remarks
Smoke-technology, in terms of use in modern agriculture and horticulture, is relatively new and needs to be investigated more extensively. It has several potential benefits in that smoke-water or KAR 1 solutions can be used in very low concentrations without having any toxic effects on the crops. In addition, the antimicrobial properties of smoke may reduce the intensity of bacterial and fungal infections occurring on crops, potentially reducing the need for fungicides and other chemicals. Furthermore, the promotive effect of smoke solutions on crop plants under stress, or even at normal conditions, may aid in reducing the amount of water required. Thus, the use of smoke-technology might facilitate early harvests and increases in crop productivity, could assist cultivation of crops in arid and semi-arid regions, and may be a cost-effective and affordable method of crop improvement for resourcepoor farmers in developing nations. There is, however, still a great deal of research to be undertaken to really understand the full potential of this age-old method of using smoke as a tool for improving yields in agricultural and horticultural systems, in addition to understanding any environmental impacts.
